Abstract-Retrieval of cloud parameters in weather radar benefits from polarimetric measurements. Most polarimetric radars measure the full back scatter matrix (BSM) using a few alternating polarized sounding signals. Using specially encoded orthogonal OFDM signals however, the BSM can be measured in a single simultaneous transmission of two orthogonally polarized signals. Based on a set of parameters for weather radar, the properties of such a signal are explored and its merit as a useful capability is shown.
INTRODUCTION
Weather radar is an important source of information for air traffic control and, in general, for meteorological services and research of the environment. For retrieval of parameters on the water content of clouds, it is important the measure the full backscatter matrix (BSM) of clouds, with a highly detailed analysis of the Doppler shifts. Currently, various radars are capable of measuring the BSM, but the waveforms used consist of transmitting sounding signals in two orthogonal basis directions alternatingly. So in order to measure the full BSM two consecutive transmissions are needed. By consequence, some time has passed in between the two transmissions and due to the decorrelation of the echoes of the hydrometeors the quality of the parameter retrieval is somewhat compromised. The research addressed in this paper explores orthogonal signals, such that the sounding signals in the two orthogonal basis directions can be transmitted at the same time, so that the BSM can be measured using a single -though complicatedtransmission. Also in [1] the measurement of the BSM using orthogonal signals has been addressed.
IRCTR has developed a radar platform called PARSAX (Polarimetric Agile Radar in S-and X-band; currently the radar is being set to work in S-band) supporting to do such analyses with a variety of waveforms [2] . In [3] and [4] the problem of simultaneous transmission of orthogonal signals has been addressed using various modes of Frequency Modulated Continuous Wave (FMCW) modulation. The current paper explores a particular pulse coded waveform, Orthogonal Frequency Division Multiplexing (OFDM). It will be demonstrated that such waveforms can be used, albeit with a number of constraints.
The paper is structured in the following way. Chapter 2 will detail the OFDM sounding signal both in a generic way and in the specific coding that is used for the benefit of the isolation of the two orthogonal components. Chapter 3 discusses a set of parameters applicable to this type of weather radar. Chapter 4 addresses the effects of Doppler shift. Doppler shift is a parameter that is of vital relevance for the retrieval of the cloud parameters. However, in OFDM is the major cause of loss of orthogonality. Chapter 5 concludes the paper.
II. SIGNAL DESCRIPTION
OFDM is a waveform that is widely used in communication [5] . It is being considered for application in radar only recently [6] , inspired by the availability of signal generators due to the application in communication. The signal is composed of a number of carriers at a mutual, constant spacing that is the inverse of the signals' duration. The complex baseband description is: 
where N is the number of carriers, k a is the complex amplitude of carrier k (also called the code of the carrier) and f is the frequency spacing between the carriers. T is the duration of the signal, 1 T f = .
All carriers composing this signal are mutual orthogonal, as can also be seen from Fig.1 representing a detail in the power spectral density of an OFDM signal.
Usually the duration T of the signal is quite long and therefore some type of pulse compression is applied in order to achieve an appropriate range resolution. Given the nature of the OFDM signal, the most widely known procedure is to transform the received signal to the frequency domain and multiply the carriers with the complex conjugate of the Fourier transformed transmitted signal. Then after this multiplication the time domain range profile is generated by the inverse Fourier transform. The level of the sidelobes in this range profile can be managed by any weighting technique.
The carrier codes k a can be chosen independent from each other. They have an important impact on the signal envelope in the time domain to the extent that the ratio between the peaks and the average of the power is affected. Certainly, the envelope is not constant and the transmitter cannot be driven into saturation as it usual in radar, reason for radar engineers to be reluctant to apply this type of waveform. Special coding optimizes the peak to average power ratio [6, 7] .
One of the comments on the Doppler sensitivity of the OFDM signal is that as soon as the Doppler shift is no longer very small compared to the carrier frequency spacing, the sidelobes of the compressed signal come up rapidly and the orthogonality is lost. When the carrier codes are random variables, the sidelobes will ultimately be proportional to 1 N . When on the contrary, the codes are chosen to be equal, the loss of the sidelobes will be negligible, but the peak to average power ratio will be equal to N , so the signal envelope will be very spiky.
The concept of the fully polarimetric radar is based on an approach as shown in the block schematic diagram of Fig. 2 . It is shown there that one of the two signals is exciting one of the two polarization directions, while the other signal is exciting the orthogonal polarization direction. Then on receive, the two signals are separated in the pulse compression process by using the two complex conjugated transmitted waveforms as a reference. If no special precautions are taken, the cross compressed signal, i.e. the signal after application of the code of the other signal for the purpose of the compression, will be noise-like. The resulting average signal power is called here the isolation of the codes. An important case for achieving high code isolation can be appreciated by comparing Figs 1a and 1b. 
In Fig.1b the sounding signals are different to the extent that transmitter 1 is using all carriers with even values of k and transmitter 2 is using all carriers with odd values of k . The output of the "compression" process of a signal received in one of the two channels using the code of the other channel consists of the code isolation. It will be illustrated later in this paper that it is proportional to 1 N in the first case (two fully populated sets of carriers) and close to perfect isolation in the second case (two disjoint sets of even and odd carriers respectively).
According to this line of thinking, the signal used for the experimentation for the fully polarimetric radar is defined as ( ) An important side effect of this coding however is that the unambiguous range is half the value of the full set of carriers. Also, the method for reducing the peak to average power ratio fails in this coding.
III. A SET OF PARAMETERS FOR WEATHER RADAR
In the application of weather radar as described in the introduction, a high resolution of the speed is needed, a typical value being
For an X-band radar, this corresponds to a Doppler resolution of 6.6Hz and thus on a time interval of evaluation of the phase of 0.15sec. In order to appreciate the significance of the Doppler resolution, let us develop a benchmark set of radar parameters compliant with this requirement.
For the application of detailed weather measurements using the X-band radar, the maximum range should be not less than 10km. Since in OFDM the maximum range corresponds to shift depends on the ratio of the Doppler shift to the frequency spacing between the carriers. In case of randomly coded carriers, the pulse compression in the receiver will fully fail as soon as the Doppler shift equals the carrier spacing.
Because of the same reason of loss of orthogonality, also the code isolation is affected by a Doppler shift and it is getting more reduced the higher the ratio between Doppler shift and carrier spacing is.
In the case of fully random carrier coding, the correlation noise floor is described by [8] :
is the ratio between the Doppler shift and the carrier spacing. This expression is valid for the fully occupied set of carriers. A graphical representation is in Fig.3a , while in Fig.3b the code leakage is presented as a function of the relative Doppler shift . In these graphs also the corresponding graphs are shows for the odd/even carriers waveform.
These graphs demonstrate two major effects, the correlation noise and the code leakage.
A.
Effects on the correlation noise floor The correlation noise, consisting of the range sidelobes in the co-polar channel due to the Doppler shift, is very low for low Doppler shift. More precisely, if the Doppler shift would be exactly zero, the profile of the range sidelobes would correspond to the weighting function used in the pulse compression. Just off the zero Doppler values, the waveform with all carriers used has a slightly lower correlation noise floor than the odd/even carriers waveform, as a consequence of the higher number of carriers. In all other cases, composing the greater part of the span of Doppler values, the odd/even waveform is superior.
B.
The code leakage Regarding the code leakage, consisting of the signal having code 1 leaking into the other channel and there compressed using the code 2, the odd/even waveform is superior to the waveform with all carriers used for the Doppler shifts of interest. Obviously, this was the reason why this waveform was devised. Such a property is extremely important. It supports to effectively filter away the strong echoes from stationary ground objects, that otherwise might clutter the meteorological echoes. It should be reminded though that at system level the total leaked power from one channel into the other channel is not just due to code leakage, but also due to other system components, e.g. the antenna. A typical number for co/cross polar antenna isolation is 25-30 dB for parabolic antennas. Using OFDM-coded waveforms tailored to minimize leakage of signals from one channel out of two orthogonally polarized channels into the other one is considered to be very promising. Such coding outperforms any other type of coding identified so far on the figure of merit for isolation of the codes. Apart from the straightforward coding as shown in this paper, also other codes can be devised, always based on the orthogonality of the carriers in the waveform. A recent experimental result obtained using the PARSAX radar for the simultaneous transmission of an odd/even coded pair of OFDM-signals as in (2) is shown in Fig.4 . It shows the range profiles of each of the four elements of the BSM for a single OFDM-sweep. The number of carriers is N=25000 and the total bandwidth is B=50MHz. The carriers are random QPSKcoded. The antenna is pointing at the horizon while the weather was clear. The reflections in this example therefore only concern ground objects. The vertical scale is adjusted to have the highest value (actually the object concerned is a tall chimney) at 0dB. The floor of the signal level is close to the dynamic range of the receiver, approx. 70dB. More details are in [8] .
The limit of applicability of the coding comes from the loss of orthogonality, as it can be caused for instance by the Doppler effect. Waveforms like Linear Frequency Modulation are far more tolerant to Doppler, but cannot provide the isolation between the codes as discussed here unless the orthogonal signals are timed in a partially overlapping order, like proposed in [4] .
An effect that has not been addressed in this paper, but that is highly important for keeping the carriers orthogonal while receiving echoes with an unknown delay, is the necessity to introduce a cyclic prefix as an extension to the duration T of a single pulse. This effect has been discussed in detail in [9] . It doesn't invalidate the conclusions. In this paper the orthogonality of codes was exploited for the benefit of measurement of the BSM in fully polarimetric radar. The concept of orthogonality might also be used in different applications, for instance for the benefit of retrieving the echoes from multiple beams generated by phased array antennas.
